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ABSTRACT
Knowledge of the mechanical properties of protoplanetary and cometary matter is
of key importance to better understand the activity of comets and the early stages
of planet formation. The tensile strength determines the required pressure to lift off
grains, pebbles and agglomerates from the cometary surface and also describes how
much strain a macroscopic body can withstand before material failure occurs. As or-
ganic materials are ubiquitous in space, they could have played an important role dur-
ing the planet formation process. This work provides new data on the tensile strength
of five different micro-granular organic materials, namely, humic acid, paraffin, brown
coal, charcoal and graphite. These materials are investigated by the so-called Brazil-
ian Disc Test and the resulting tensile strength values are normalised to a standard
grain size and volume filling factor. We find that the tensile strength of these materials
ranges over four orders of magnitude. Graphite and paraffin possess tensile strengths
much higher than silica, whereas coals have very low tensile strength values. This work
demonstrates that organic materials are not generally stickier than silicates, or water
ice, as often believed.
Key words: comets: general - solid state: refractory - methods: laboratory: solid
state
1 INTRODUCTION
Organic matter is defined as chemical compounds contain-
ing carbon-hydrogen bonds. On Earth, organic materials
are carbon-based compounds that have come from the re-
mains of organisms and their waste products. In space, or-
ganic compounds are ubiquitous, as they are found in dif-
fuse clouds, in the envelopes of evolved stars, in dense star-
forming regions, in protoplanetary discs, in comets, on the
surfaces of minor planets, in meteorites and in interplane-
tary dust particles (van Dishoeck 2008). Stars at different
evolutionary phases are able to produce complex organic
compounds and eject them into space, filling the regions be-
tween the stars. The compounds are so complex that their
chemical structures can even resemble the makeup of coal
and petroleum. These materials are then incorporated into
star- and planet-forming regions and, hence, also into solid
objects, such as comets, asteroids and planets.
Besides the discussion about the origin of life on Earth,
organic matter is also often believed to be stickier than other
solid compounds, such as siliceous materials, so that mutual
collisions in protoplanetary discs may lead to larger agglom-
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erates (see below). One method to evaluate the stickiness
of materials in the laboratory is the so-called Brazilian Disc
Test, which is designed to measure the tensile strength of
rigid matter, such as stones, but also of compressed granu-
lar samples (Meisner et al. 2012; Gundlach et al. 2018; Haack
et al. 2020). The tensile strength is an important material
property, because it is defined as the maximal mechanical
tension a material can resist before it breaks. Hence, the
value of the tensile strength determines whether an object
can withstand a given stress. This is why the tensile strength
is the key material parameter to understand the size distri-
bution of small solar system objects during their collisional
evolution in debris discs (see, e.g., Bottke et al. 2005).
The tensile strength also plays an important role dur-
ing the planet-formation process. Kimura et al. (2015) and
Homma et al. (2019) found that an organic mantle around
silica grains can lead to an increase of the fragmentation
threshold velocity, shown experimentally with interstellar
grains by Kouchi et al. (2002). This could open a door for
a direct growth of these particles into planetesimals. In a
recent work, Kimura et al. (2020b) showed that the tensile
strength of dust aggregates decreases with increasing vol-
ume of the object, which depends on the so-called Weibull
modulus, a parameter that describes the variability of the
© 2020 The Authors
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material strength. The minimum tensile strength of the or-
ganic matter of cometary interplanetary dust particles with
an aggregate diameter of ∼ 5 µm was estimated by Flynn
et al. (2013) to be ∼ 150 to 325 Pa. Kudo et al. (2002) found
the tensile strength of organic coating on copper spheres
to be 105 Pa. Data from the COSIMA instrument onboard
Rosetta was recently interpreted by Kimura et al. (2020a)
who found a reduction of the sticking and fragmentation
threshold velocity by a carbonisation of the organic matter.
The tensile strength can be also understood as a mea-
sure for the stress that needs to be applied to detach two
particles from each another (Blum et al. 2006). This is why
cometary activity, namely the ejection of dust from the sur-
face of a comet nucleus by the sublimation of volatiles can
only be understood if the tensile strength of the material is
considered in the calculations. Dust ejection can only occur
if the local gas pressure exceeds the local tensile strength
of the material (see, e.g., Fulle et al. 2019, 2020a,b; Gund-
lach et al. 2020). Approximately fifty percent of the non-
volatile mass of cometary nuclei is made of organic materi-
als (Bardyn et al. 2017). Unfortunately, the exact compo-
sition of the non-volatile, organic cometary matter is un-
known. Studying carbonaceous chondrites, the most primi-
tive and least processed meteorites, may provide the closest
picture of the chemical composition of non-volatile, organic
cometary matter. Most of the organics found in carbona-
ceous chondrites are in an insoluble macro-molecular form,
often described as kerogen-like (van Dishoeck 2008). The re-
maining part consists of soluble organics, such as corboxylic
acids, PAHs, fullerenes, purines, amides and other prebiotic
molecules (Botta & Bada 2002).
This is why in the past years the question arose, whether
the presence of organic compounds can lead to an in-
crease, or decrease, of the tensile strength (stickiness) of the
cometary surface material. In this paper, we present new
measurements of the tensile strength of organic materials,
which were carried out in the framework of the CoPhyLab
project. First, the experimental procedure and the selected
samples are described in Section 2. Then, the results of the
experiments are presented in Section 3, which is followed by
a discussion of how these findings can help to improve our
understanding of the comet dust ejection process (Section
4). The paper ends with a concluding Section 5.
2 EXPERIMENTAL TECHNIQUE
Figure 1 summarises the method and logic of our work and
references the respective Sections in this paper.
2.1 Experimental Procedure
In the following, we present the experimental setup used to
study the tensile strength of micro-granular organic materi-
als. As an indirect method, the Brazilian Disc Test (BDT)
was used that is feasible to measure the tensile strength of
solid samples and compressed granular matter. Since 1943,
the BDT has been used with different solid materials and
several publications deal with its applications (see Li &
Wong 2013). The material must be shaped into a cylindri-
cal form. In our case, the granular materials are filled into a
Figure 1. Overview of the procedure to estimate comparable
tensile strength values for the selected organic materials.
cylindrical mould and are compressed by a piston (see Gund-
lach et al. 2018, for details). Then, a loading platen is used
to exert a load onto the cylinder until it breaks. An exam-
ple of a cylindrical sample under load is shown in Figure 2.
With the maximal exerted force of the material F measured
during breakup, the thickness of the sample l (which varied
in our experiments between 8 and 24mm) and the diameter
of the sample (in our experiments d = 25mm), the tensile
strength σ can be derived through
σ =
2 F
pi d l
. (1)
The force is measured by a scale placed underneath the sam-
ple. With a stepper motor, the exerted force is continuously
increased until the sample breaks. Figure 3 shows a typical
tensile-stress evolution of a paraffin-wax sample.
2.2 Selected Materials
For this study, several organic materials were selected,
namely, paraffin wax, humic acid, graphite, three brown
coals and one charcoal. Paraffin is a mixture of several alkane
components, therefore hydrophobic, and was found in me-
teorites (Nagy et al. 1961). Humic acids are groups of com-
plex organic acids and are main components of humus. The
work of Sedletzky & Brunowsky (1935) revealed a chemi-
cal relation between humic acids, brown coals and graphite.
Due to acidic and other groups, humic acid is partially hy-
drophilic. This applies also to the coals. However, the ra-
tio of the hydrophobic part of the surface to the total sur-
face, the hydrophobicity, can vary between less than 50% to
up to 95% and depends on the exact material composition
(Adams-Viola et al. 1981; Groszek & Partyka 1993; Xia &
Xie 2014). For the materials used in our study, the hydropho-
bicity was not measured, but it should be kept in mind that
MNRAS 000, 1–9 (2020)
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Figure 2. Geometry of the used Brazilian Disc Test setup. A
loading platen is lowered onto a cylindrical sample by a stepper
motor and exerts a force and, thus, a pressure onto the cylinder.
The sample stays intact until the tensile strength of the material
is reached. During breakup, a crack forms and the sample ideally
is separated into two equally-sized pieces. The scale is not visible
in the image and is located beneath the lower metal bar below
the graphite sample.
Figure 3. Example for the temporal evolution of the exerted
pressure onto a cylindrical paraffin sample. The breakup of the
cylinder was observed after 45 s and the exerted pressure was
25.0 kPa ± 1.1 kPa.
hydrophilic parts can influence the tensile strength if wa-
ter molecules stick to the particles and change their sur-
face properties (Kimura et al. 2015). Because our measure-
ments were performed at atmospheric conditions, it is not
excluded that adsorbed water layers may influence the hy-
drophilic parts of the samples. For silica, this influence was
highlighted by Kimura et al. (2015). They found that the
water layers at ambient pressure reduce the specific surface
energy and therefore the tensile strength by a factor of up
to 10 compared to measurements under vacuum conditions.
Silica is highly hydrophilic (i.e., has a low hydrophobicity)
so that we can assume, due to the higher hydrophobicity of
humic acid and the coals, that the influence of adsorbed wa-
ter in our study is less than this factor of 10. Because humic
acids and coals are plant remains, they are not expected to
be found in extra-terrestrial objects, but they can be po-
tentially used as analogue materials. Furthermore, graphite
was chosen, because it is an important analogue material,
whose granular tensile strength was not studied before, and
which has a fundamental affinity to the other organic ma-
terials, although it is an inorganic mineral. It is mostly hy-
drophobic with a hydrophobicity > 77% (Groszek & Partyka
1993) and therefore less effected by water as described above.
Graphite was studied in two grain sizes, Graphite UF2 and
Graphite AF, respectively. Optical microscope images and
macroscopic images of the samples as well as their size dis-
tributions can be found in Appendix A. In addition, Table
1 summarises the median radius, the median axis ratio and
the median shape parameter of the materials used in our
study. The median radius r˜ is retrieved by two methods:
1) by the analysis of the cumulative normalised fraction by
count (indicated in the following with the index c), and 2) by
mass-weighting of the particles, assuming a spherical shape
(indicated in the following with the index m). The axis ratio
C is defined as the ratio of semi-minor to semi-major axis,
whereas the shape parameter B is the area divided by the
square of the perimeter normalised to the value of a circle.
Details of the definition and the measurements of the axis
ratio and shape parameter can also be found in Appendix
A. From the distributions of the shape parameters, shown
in Appendix A, the median and an uncertainty interval are
retrieved and shown in 1.
3 RESULTS
In total, 75 Brazilian Disc Tests were performed in this study
and the results of these measurements are presented here-
after. In order to provide comparable values for the tensile
strengths of the different materials, we performed two nor-
malisations to the measured data, which are explained in
the following: a) volume-filling-factor normalisation and b)
grain-size normalisation.
a) Volume-Filling-Factor Normalisation
It is obvious that the volume filling factor Φ significantly
influences the tensile strength (see Figure 4). An increase
of the volume filling factor increases the tensile strength,
because the number of neighbouring particles in contact is
enhanced. Graphite shows the strongest effect, but all sam-
ples exhibit a significant increase of the tensile strength with
increasing volume filling factor. In the literature, several re-
lations for this dependency are proposed (see, e.g. Meisner
et al. 2012; Gundlach et al. 2018; Kimura et al. 2020b). We
tested the different functions and found that
σ = 10a(Φ−b) (2)
fits our data best. The parameters a and b are obtained by
least-squares-fitting Equation 2 to the data. For both humic
acid data sets and all coals, two fits were performed with
MNRAS 000, 1–9 (2020)
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Table 1. Summary of material properties and results for the tensile strength. The median grain radius r˜ is shown with one standard
deviation in parenthesis for the estimation by count (r˜c) and by mass (r˜m) (see Figures A1 - A9 in Appendix A). The median axis ratio
C˜ and the median shape parameter B˜ indicate the form of the particles retrieved from their distributions, see Appendix A for details.
The values for the tensile strength σc and σm are normalised to a grain radius of r0 = 1µm and to a volume filling factor of Φ = 0.5.
The grain size normalisation was performed twice, following Gundlach et al. (2018), shown in the upper line, and following Kimura et al.
(2020b), shown in the lower line for each material. In addition, the corresponding specific surface energies γc and γm are shown in the
last column. The interval in brackets underneath equals the confidence interval of 1σ for the median, respectively.
Material r˜c r˜m C˜ B˜ σc σm γc γm
Unit µm µm - - Pa Pa J/m2 J/m2
Graphite 0.89 8.3 0.73 0.46 2.8 · 104 2.6 · 105 2.1 · 10−1 1.9 · 100
(AF) (0.30 − 3.32) (4.3 − 13.2) (0.53 − 0.88) (0.30 − 0.54) (0.9 − 10.4) · 104 (1.3 − 4.2) · 105 (0.6 − 7.7) · 10−1 (0.9 − 3.1) · 100
3.0 · 104 9.1 · 104 2.2 · 10−1 6.6 · 10−1
(0.9 − 41.0) · 104 (7.3 − 10.8) · 104 (0.6 − 3.0) · 10−1 (5.3 − 7.9) · 10−1
Graphite 1.4 3.4 0.71 0.49 3.9 · 105 1.1 · 106 2.9 · 100 8.2 · 100
(UF2) (0.5 − 2.1) (2.4 − 5.9) (0.53 − 0.87) (0.37 − 0.56) (1.3 − 7.9) · 105 (0.6 − 1.7) · 106 (0.9 − 5.8) · 100 (4.8 − 12.0) · 100
3.3 · 105 5.6 · 105 2.4 · 100 4.1 · 100
(1.8 − 4.6) · 105 (4.1 − 6.9) · 105 (1.3 − 3.4) · 100 (3.1 − 5.1) · 100
Humic Acid 14 340 0.64 0.65 4.9 · 103 1.2 · 105 3.6 · 10−2 9.0 · 10−1
(non-ground) (6 − 53) (260 − 390) (0.46 − 0.82) (0.38 − 0.81) (0.7 − 19.2) · 103 (0.4 − 2.1) · 105 (0.5 − 14.0) · 10−2 (2.8 − 15.0) · 10−1
1.3 · 103 6.6 · 103 9.8 · 10−3 4.9 · 10−2
(0.5 − 2.2) · 103 (2.3 − 11.0) · 103 (3.4 − 16.1) · 10−3 (1.7 − 8.0) · 10−2
Humic Acid 0.75 2.7 0.73 0.48 2.3 · 102 8.3 · 102 1.7 · 10−3 6.1 · 10−3
(ground) (0.27 − 2.69) (1.2 − 5.4) (0.56 − 0.85) (0.32 − 0.62) (0.2 − 8.5) · 102 (0.9 − 18.2) · 102 (0.1 − 6.2) · 10−3 (0.6 − 13.4) · 10−3
2.7 · 102 5.0 · 102 2.0 · 10−3 3.7 · 10−3
(0.2 − 8.5) · 102 (1.4 − 8.6) · 102 (0.4 − 3.5) · 10−3 (1.0 − 6.3) · 10−3
Paraffin 260 500 0.92 0.76 5.3 · 105 1.0 · 106 3.9 · 100 7.4 · 100
(70 − 330) (380 − 570) (0.68 − 0.98) (0.62 − 0.86) (1.3 − 6.6) · 105 (0.7 − 1.2) · 106 (1.0 − 4.8) · 100 (5.4 − 8.7) · 100
3.3 · 104 4.5 · 104 2.4 · 10−1 3.3 · 10−1
(2.9 − 3.6) · 104 (3.9 − 5.0) · 104 (2.1 − 2.7) · 10−1 (2.9 − 3.7) · 10−1
Brown Coal 0.87 12 0.79 0.55 2.0 · 102 2.8 · 103 1.5 · 10−3 2.0 · 10−2
Romonta (0.16 − 2.09) (6 − 13) (0.60 − 0.90) (0.37 − 0.63) (0.1 − 5.5) · 102 (0.4 − 5.4) · 103 (0.1 − 4.0) · 10−3 (0.3 − 4.0) · 10−2
2.2 · 102 8.1 · 102 1.6 · 10−3 5.9 · 10−3
(0.2 − 4.5) · 102 (1.9 − 15.9) · 102 (0.2 − 3.3) · 10−3 (1.4 − 11.6) · 10−3
Brown Coal 1.1 8.4 0.74 0.53 7.1 · 101 5.4 · 102 5.2 · 10−4 4.0 · 10−3
RWE (0.4 − 3.2) (4.2 − 13.0) (0.55 − 0.86) (0.34 − 0.64) (.1 − 22.1) · 101 (1.2 − 11.0) · 102 (0.8 − 16.2) · 10−4 (0.1 − 8.1) · 10−3
6.8 · 101 1.9 · 102 5.0 · 10−4 1.4 · 10−3
(0.1 − 13.0) · 101 (0.6 − 3.5) · 102 (0.8 − 9.5) · 10−4 (0.4 − 2.6) · 10−3
Brown Coal 1.0 9.4 0.80 0.56 8.2 · 101 7.4 · 102 6.0 · 10−4 5.4 · 10−3
Vattenfall (0.4 − 2.6) (5.0 − 11.4) (0.65 − 0.90) (0.44 − 0.66) (1.5 − 22.2) · 101 (1.8 − 13.3) · 102 (1.1 − 16.3) · 10−4 (1.3 − 9.8) · 10−3
8.1 · 101 2.4 · 102 5.9 · 10−4 1.8 · 10−3
(1.4 − 15.0) · 101 (1.0 − 4.3) · 102 (1.0 − 11.0) · 10−4 (0.7 − 3.2) · 10−3
Charcoal 1.2 5.1 0.78 0.52 8.2 · 102 3.5 · 103 6.2 · 10−3 2.5 · 10−2
(0.5 − 2.7) (2.7 − 6.9) (0.59 − 0.88) (0.40 − 0.61) (2.8 − 18.4) · 102 (1.4 − 5.1) · 103 (2.1 − 13.5) · 10−3 (1.1 − 3.8) · 10−2
7.5 · 102 1.5 · 103 5.5 · 10−3 1.1 · 10−2
(2.4 − 11.2) · 102 (0.9 − 2.1) · 103 (1.7 − 8.2) · 10−3 (0.7 − 1.5) · 10−2
fixed a = 6.3 (corresponding to the highest slope value for
graphite; solid lines in Figure 4) and a = 2.9 (corresponding
to the lowest slope value for paraffin; dashed lines in Figure
4), because these data sets did not show enough variation
in volume filling factor for a robust two-parameter fit. A
summary of all obtained fitting parameters and the goodness
of the fits can be found in Appendix B. By using the best-
fitting function, we then derived the tensile strength for a
volume filling factor of Φ = 0.5 for all the samples. However,
the parameter b was adapted accordingly. Fortunately, the
volume filling factors of the coal samples after compression
were relatively close to Φ = 0.5, so that the extrapolation was
performed for only small changes in volume filling factor of
∆Φ < 0.1.
For comparison, three functions of the volume-filling-
factor dependency for silica from Gundlach et al. (2018),
Kimura et al. (2020b) and San Sebastia´n et al. (2020) are
also plotted in Figure 4. They show similar slopes as paraf-
fin, which has the smallest slope among the used materials in
this study. From Manhani et al. (2007) an additional data
point for graphite was retrieved (open pentagon in Figure
4). They used a highly compacted graphite sample with a
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median grain size of 838 µm whose volume filling factor was
around 0.77 and measured a tensile strength of 11.7MPa.
The data point of Manhani et al. (2007) indicates that the
high slope for our graphite samples is real, although, due to
the extremely different grain sizes, an extrapolation from our
data to those of Manhani et al. (2007) is a difficult task (see
below). The exact reason for the much higher slope of the
graphite data compared to the other materials, including sil-
ica, remains unclear. One could speculate that for graphite,
the volume filling factor depends on the coordination num-
ber in a different way as for the other materials. It should be
mentioned that Tsubaki & Jimbo (1984) found comparably
high slopes for carbonaceous materials, namely lactose and
several coals.
b) Grain-Size Normalisation
Gundlach et al. (2018) showed that the tensile strength of
granular matter consisting of micrometric spherical SiO2
particles is inversely proportional to the grain radius. How-
ever, also other scaling relations have been proposed, e.g.
by Kimura et al. (2020b). Their work indicates an inverse
proportionality to the square root of the particle radius un-
der the condition that the Weibull modulus is six, valid for
carbonaceous matter. Hence, the next step required for a
proper comparison of the results is a normalisation of the
grain size. Therefore, the equations
σ0 = σr
r˜
r0
, (3)
after Gundlach et al. (2018), and
σ0 = σr
√
r˜
r0
, (4)
after Kimura et al. (2020b), are used in the following. Here,
r0 is the reference grain radius of 1 µm, r˜ is the median
radius of the size distribution, σr is the measured tensile
strength corrected to φ = 0.5, and σ0 is the tensile strength
normalised to a grain radius of 1 µm and a filling factor
of φ = 0.5, respectively. It should be mentioned that the
particle shape might also have an influence on the tensile
strength, which, however, we have not taken into account in
this work.
Comparison of the Tensile Strength Values
The tensile strength values normalised to a standard volume
filling factor of Φ = 0.5 and a standard grain radius of 1 µm
of the analysed sample materials are summarised in Figure 5
and Table 1. A comparison to our previous work (Gundlach
et al. 2018) is provided by the dashed grey lines, visualising
the tensile strength of dry and wet silica samples.
For grain sizes 1 µm the two size corrections after Eqs.
3 and 4 should lead to notable differences in the normalised
tensile strengths. However, in our samples this is, for the
median grain radius determined through the size-frequency
distribution, only the case for paraffin. For all other samples,
these differences are within the error margins. The differ-
ences between the two normalisation methods become more
pronounced for the cases in which we determined the me-
dian grain radius through the mass-frequency distribution.
Here, graphite AF, non-ground humic acid and paraffin show
differences outside the error bars. However, the general ma-
terial dependency of the tensile strength remains the same
for the two normalisation cases.
Both graphite samples and paraffin possess a much
higher tensile strength as silica. All other tested materials
are either comparable to silica (humic acid, non-ground),
or have lower tensile strength values (humic acid, ground;
charcoal and all brown coals).
The difference in tensile strength of the ground and
the non-ground humic acid is surprising. As we normalise
to a standard grain size, the grinding state should actu-
ally not influence the normalised tensile strength. However,
we can speculate that the measured difference is caused ei-
ther by the change of the size-frequency distribution (see
Figures A4 and A5) or of the shape of the particles. A
closer look to the size- and mass-frequency distributions
shows some differences. First, the size-frequency distribu-
tions of the non-ground and ground material are very simi-
lar in shape, whereas the mass-frequency distributions differ
strongly. The mass-frequency distribution of the non-ground
humic acid is dominated by a few large particles so that the
curve gets very steep and small particles play only a negli-
gible role. This leads to a possible higher uncertainty in the
normalisation of the grain-size and, therefore, the tensile-
strength value estimated with the mass-weighted median
radius is questionable and possibly over-estimated. Second,
the shape-parameter distributions (see A11) reveal a clear
difference between the ground and non-ground case. The
ground humic acid seems to have more compact particles,
because the axis ratio is higher than for non-ground humic
acid, but the shape parameter B is decreased compared to
the non-ground material. This means, that the ground par-
ticles have more edges, whereas the non-ground grains seem
to be rounder. Regarding the difference in tensile strength,
this leads to the speculation that edges on particles lower
the tensile strength of the bulk material.
Furthermore, also the two graphites show a discrepancy
after normalisation. Their shape parameters are broadly in
agreement, but regarding the size-frequency distribution,
graphite UF2 seems to be less polydisperse, which could lead
to a higher tensile strength. It should be noted here that
the manufacturer provides different size-ranges compared to
our measurements, in which graphite UF2 is smaller than
AF (UF2: 4.5+3.8−2.4 µm, AF: 9.5
+12.0
−6.1 µm; Graphit Kropfmu¨hl
GmbH). Compared with literature values, the specific sur-
face energy of graphite AF matches pretty well the results of
earlier studies (the values range between 0.063 ± 0.007 J/m2
(Ferguson et al. 2016) and 0.260 ± 0.029 J/m2 (Girifalco &
Lad 1956), see also Han et al. 2019). However, as mentioned
before, Manhani et al. (2007) measured the tensile strength
of a compact graphite sample whose volume filling factor is
about 0.77. Their result of a tensile strength of 11.7MPa falls
in the regime we would expect, but due to the different grain
size with a median of 838 µm, we cannot extrapolate our data
to it. Tensile strength values depending on the porosity for
lactose with a particle diameter of 46.9 µm were presented by
Tsubaki & Jimbo (1984) and vary between ∼ 10 Pa (Φ ≈ 0.3)
and ∼ 1000 Pa (Φ ≈ 0.58). These values are comparable to
the results of the coals and the slope matches broadly the
graphite slope. Tsubaki & Jimbo (1984) also performed ex-
periments with several coals resulting in similar slopes, but,
due to their data presentation, exact values cannot be com-
pared with our results.
Similarly, one can compare the coals in a more detailed
way. A significant difference in the shape parameters among
MNRAS 000, 1–9 (2020)
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Figure 4. Results of the Brazilian Disc Tests as a function of the volume filling factor of the samples for graphite, humic acid and
paraffin (left) and for the coals (right, with the graphite data for comparison) with the fitting functions according to Equation 2 for the
volume filling factor normalisation. For humic acid and the coals, the slope a was set to values of 6.3 and 2.9, respectively, as indicated
with the solid and dashed lines. For comparison, three functions for silica are plotted, namely from Gundlach et al. (2018), Kimura et al.
(2020b) and San Sebastia´n et al. (2020), using the fits from San Sebastia´n et al. (2020). The open pentagon indicates a data point for
graphite from Manhani et al. (2007) with a median grain size of 838µm.
the brown coals and the charcoal is not present, but the char-
coal possesses a significantly higher tensile strength. Thus,
two other factors can possibly be responsible for the differ-
ence in tensile strength. Either the width of the size dis-
tribution of charcoal, which is narrower than those of the
brown coals, enhances the tensile strength, or an intrinsic
difference in the material could be responsible for the higher
tensile strength.
In summary, there are indications that a strong depen-
dency of the tensile strength on particle shape and size-
distribution width exists, which requires further investiga-
tions.
Since the tensile strength is correlated with the specific
surface energy of the material (see Equation 2 in Gundlach
et al. 2018), the corresponding values of the specific surface
energies of all studied samples are shown on the right-hand
y-axes in Figure 5 as well as in the Table 1. The uncertainty
of the tensile strength is calculated by taking into account
the uncertainties of the volume filling factor fit and of the
mean grain size determination.
4 DISCUSSION AND APPLICATIONS TO
COMETS
As can be seen in Figure 5, organic materials are not gener-
ally stickier than other materials, like silica, or water ice. The
spread of the normalised tensile-strength values ranges from
very low (7.1+15.0−7.0 ) × 101 Pa (browncoal RWE) to very high
values (1.1+0.6−0.5) × 106 Pa (graphite UF2). This shows that the
tensile strength strongly depends on the material, the size-
frequency distribution and the shape of the grains. Thus,
the class of organic materials does not per se possess only
extraordinarily high tensile-strength values.
In cometary science, organic materials are often con-
sidered as a “glue“ between the particles, the agglomerates,
and the pebbles, which leads to a significant increase of the
tensile strength of the cometary surface. Since dust emission
from a cometary surface can only work if the gas pressure
exceeds the tensile strength of the material (see, e.g., Fulle
et al. 2019, 2020a,b; Gundlach et al. 2020), the presence of
organic matter with high tensile-strength values would lead
to the suppression of cometary dust ejection. However, this
work shows that cometary activity can be maintained, or
even eased also when organic materials are present. Only
a high abundance of graphite-like organics would quench
cometary activity. This finding is in agreement with labora-
tory measurements performed by Zhang et al. (2020), who
found a higher sticking velocity for graphite particles com-
pared to silica particles in their collision experiments. The
influence of paraffin is not discussed here, because it is a
synthetic product.
The variable tensile strength of organic materials also
has an impact on planet formation theories. For example,
Homma et al. (2019) focused on the shear and Young‘s mod-
ulus of the material to estimate their stickiness and therefore
they assumed equal specific surface energy for the silica and
the organic materials. Because of the relation between the
tensile strength and the specific surface energy, our work
shows that this assumption is only valid for a specific or-
ganic material, namely for humic acid (non-ground; mean
radius estimated through the size-frequency distribution).
Hence, it would be interesting to include the other organics
in this theory to understand how the change of the specific
surface energy influences the shear and Young’s modulus.
Our data indicate that more complex organic materials
(humic acid, coal) possess a lower tensile strength than sim-
pler organic materials (graphite, humic acid). This seems
to be in contrast to the findings of Kimura et al. (2020a)
that increasing carbonisation decreases the impact velocity
for fragmentation. The latter should be proportional to the
square root of the surface energy, which, in turn, is propor-
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Figure 5. Normalised tensile-strength values σ(Φ = 0.5, r0 = 1µm) for all investigated samples. Squares: normalised values calculated
using the median radius estimated by the size-frequency distribution. Diamonds: normalised values calculated using the median radius
estimated by the mass-frequency distribution. Filled symbols: size normalisation after Eq. 3 (Gundlach et al. 2018). Open symbols: size
normalisation after Eq. 4 (Kimura et al. 2020b). As a reference, values for silica are shown by the horizontal dashed lines. The upper
line indicates the tensile strength of dry silica and the lower one corresponds to the tensile strength of silica coated with a monolayer of
water (Gundlach et al. 2018; Kimura et al. 2015; Steinpilz et al. 2019). Furthermore, the derived specific surface energies are shown by
the right y axes.
tional to the tensile strength (San Sebastia´n et al. 2020).
However, as shown by Gundlach & Blum (2015) with the
comparison of silica and water ice, the surface energy is not
the only value that determines the sticking or fragmentation
strength.
Furthermore, the results of this paper emphasise the
need for a cometary sample-return mission, since the exact
knowledge of the chemical composition and the morphology
of the cometary grains are mandatory to understand the
physics of the cometary dust-ejection mechanisms and for
the preparation of high-quality cometary analogue materi-
als. It should be noted here that samples from the interior of
a comet are required, due to the possible processing of the
surface material (Bockele´e-Morvan et al. 2019).
Bardyn et al. (2017) argued, based on the O/C ratio
of ∼ 0.2 of the cometary dust measured by the COSIMA
instrument, that the organic compound can be best com-
pared to insoluble organic matter found in carbonaceous
chondrites. Insoluble organic matter has a rather complex
structure (Remusat et al. 2007) and this is why we foresee
to use such materials for our future CoPhyLab experiments.
5 CONCLUSION
We measured the tensile strength of different organic mate-
rials with the Brazilian Disc Test. The main findings of this
work are that
(i) organic materials are not generally stickier than other
materials, but may, on the opposite, even be less sticky than
silicates,
(ii) graphite and paraffin possess very high tensile-
strength values of (2.8+7.6−1.9) × 104 Pa - (1.1+0.6−0.5) × 106 Pa
(graphite) and (3.3+0.3−0.4) × 104 Pa - (1.0+0.2−0.3) × 106 Pa (paraf-
fin),
(iii) all tested coals have very low tensile-strength values,
ranging from (7.1+15.0−7.0 ) × 101 Pa to (3.5+1.6−2.1) × 103Pa, and
(iv) only humic acid shows tensile-strength values com-
parable to silica, i.e., (2.3+6.2−2.1) × 102 Pa to (1.2+0.9−0.8) × 105 Pa
.
Our data indicate a trend that more complex organic ma-
terials possess lower tensile strengths than simpler organics.
These results underline even more that we need a precise
determination of the cometary material composition to un-
derstand the influence of the organic compounds on the dust
activity of comets. The Comet Interceptor mission, to be
launched in 2028, will hopefully help to estimate the mate-
rial composition of a cometary surface.
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APPENDIX A: SIZE DISTRIBUTION AND
SHAPE OF PARTICLES
With the help of microscopic pictures, the grain size dis-
tributions of the used micro-granular materials were deter-
mined. Therefore, the material was dispersed in water or
ethanol and spread on an object slide to separate the in-
dividual grains. Several microscope pictures were captured
and analysed for each material. An ellipse was fitted to the
particles and the semi-major and semi-minor axes were mea-
sured. To describe the shape of the particles, the axis ratio
C was defined as the ratio of the semi-minor and semi-major
axis:
C =
semi-major axis
semi-minor axis
. (A1)
A value near C = 1 means that the projected particle shape
is close to circular, whereas a smaller value describes more
elongated shapes. For considering also edges in the shape,
another parameter B was defined, which describes the ratio
of the cross section A to square of the perimeter U of the
particle, normalised to that of a circle. Here, we used real
cross section and perimeter values of the particles and not
the fitted ellipses. Thus, the equation
B =
4piA
U2
(A2)
defines this parameter B. The ratio of the square of the
perimeter to the cross section of a circle equals 4pi. Due to
the normalisation to a circle, a value close to B = 1 means
a near-spherical shape and smaller values describe a more
complex shape. To illustrate the used parameters of particle
shape, examples are given in the following plots. The associ-
ated values of a circle, two ellipses, a square, two rectangles
and an exemplary particle are marked, respectively. In ad-
dition, for each material, a microscopic caption is presented.
This caption and the size distribution, as well as macroscopic
pictures for each material can be seen in Figures A1 to A9.
The axis ratio values C and the values of parameter B are
shown in Figures A10 to A12.
On the basis of the shape parameters, the different ma-
terials can be compared and similarities as well as differences
can be noted. The graphite powders seem to be very similar
in shape as their curves of axis ratio nearly cover each other.
Graphite AF shows smaller values in B than Graphite UF2.
This can be interpreted as the particles of AF being more
angled. In both cases, the axis ratio is larger than the param-
eter B, which means that the particles are more angled than
elongated. The ground humic acid shows a similar shape as
the graphites, however, the differences between ground and
non-ground humic acid are larger. Whereas the non-ground
material features a smaller axis ratio, the ground material
shows smaller B values. This means that the non-ground
humic acid consists of smoother, less compact particles and
the particles of the ground humic acid are more compact
and more angled. This could be due to the large difference
in grain size. The grains of paraffin are the roundest ones.
Particles, differing from spheres, are more elliptical than an-
gled. The coals are very similar to the graphites. They do
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not show very spherical grains, but angled ones and it seems
like they are very complex in shape. Among each other, the
coals differ rarely.
Table B1. Fitting parameter a and b for the fit of the tensile
strength as a function of the volume filling factor, see Equation 2,
as well as the R2-value for the fit quality and the tensile strength
for a volume filling factor of Φ = 0.5. For humic acid and the coals
the highest and lowest a value were chosen and fixed for the fit.
Material Parameter a Parameter b R2 σ(Φ = 0.5)
[kPa]
Graphite 6.2 ± 1.3 0.26 ± 0.05 0.91 32 ± 6
(AF)
Graphite 6.3 ± 0.6 0.11 ± 0.02 0.98 280 ± 40
(UF2)
Humic Acid 2.9 0.60 ± 0.03 0.48 0.52 ± 0.09
(non-ground) 6.3 0.61 ± 0.02 0.59 0.19 ± 0.05
Humic Acid 2.9 0.60 ± 0.03 0.56 0.52 ± 0.08
(ground) 6.3 0.66 ± 0.02 0.50 0.10 ± 0.01
Paraffin 2.9 ± 0.6 0.39 ± 0.07 0.94 2.0 ± 0.2
Brown Coal 2.9 0.64 ± 0.04 -0.47 0.39 ± 0.04
Romonta 6.3 0.60 ± 0.02 -1.50 0.24 ± 0.02
Brown Coal 2.9 0.84 ± 0.04 0.35 0.10 ± 0.02
RWE 6.3 0.68 ± 0.01 0.60 0.08 ± 0.01
Brown Coal 2.9 0.82 ± 0.02 0.34 0.12 ± 0.02
Vattenfall 6.3 0.66 ± 0.01 0.47 0.10 ± 0.01
Charcoal 2.9 0.63 ± 0.03 0.62 0.84 ± 0.09
6.3 0.55 ± 0.01 0.58 0.52 ± 0.08
APPENDIX B: PARAMETER OF THE
VOLUME FILLING FACTOR FIT
MNRAS 000, 1–9 (2020)
10 D. Bischoff et al.
Figure A1. Left: Microscopic caption of Graphite AF. Right: Size distributions of Graphite AF calculated by count and by mass. The
median and the 1σ interval is indicated by the dotted lines. A macroscopic picture of the sample material is also shown.
Figure A2. Left: Microscopic caption of Graphite UF2. Right: Size distributions of Graphite UF2 calculated by count and by mass.
The median and the 1σ interval is indicated by the dotted lines. A macroscopic picture of the sample material is also shown.
Figure A3. Left: Microscopic caption of paraffin. Right: Size distributions of paraffin calculated by count and by mass. The median and
the 1σ interval is indicated by the dotted lines. A macroscopic picture of the sample material is also shown.
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Figure A4. Left: Microscopic caption of non-ground humic acids. Right: Size distributions of non-ground humic acid calculated by
count and by mass. The median and the 1σ interval is indicated by the dotted lines. A macroscopic picture of the sample material is
also shown.
Figure A5. Left: Microscopic caption of ground humic acids. Right: Size distributions of ground humic acid calculated by count and by
mass. The median and the 1σ interval is indicated by the dotted lines. A macroscopic picture of the sample material is also shown.
Figure A6. Left: Microscopic caption of charcoal. Right: Size distributions of charcoal calculated by count and by mass. The median
and the 1σ interval is indicated by the dotted lines. A macroscopic picture of the sample material is also shown.
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Figure A7. Left: Microscopic caption of brown coal from Romonta. Right: Size distributions of brown coal from Romonta calculated
by count and by mass. The median and the 1σ interval is indicated by the dotted lines. A macroscopic picture of the sample material is
also shown.
Figure A8. Left: Microscopic caption of brown coal from RWE. Right: Size distributions of brown coal from RWE calculated by count
and by mass. The median and the 1σ interval is indicated by the dotted lines. A macroscopic picture of the sample material is also
shown.
Figure A9. Left: Microscopic caption of brown coal from Vattenfall. Right: Size distributions of brown coal from Vattenfall calculated
by count and by mass. The median and the 1σ interval is indicated by the dotted lines. A macroscopic picture of the sample material is
also shown.
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Figure A10. Left: Axis ratio C of Graphite AF and UF2. The axis ratio is defined as the ratio of semi-minor to semi-major axis. Right:
Parameter B of Graphite AF and UF2. Exemplarily a circle, two ellipses, a square, two rectangles and a particle are shown at their
associated values.
Figure A11. Left: Axis ratio C of humic acids and paraffin. The axis ratio is defined as the ratio of semi-minor to semi-major axis.
Right: Parameter B of humic acids and paraffin. Exemplarily a circle, two ellipses, a square, two rectangles and a particle are shown at
their associated values.
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Figure A12. Left: Axis ratio C of the brown-coals and the charcoal.The axis ratio is defined as the ratio of semi-minor to semi-major
axis. Right: Parameter B of the brown-coals and the charcoal. Exemplarily a circle, two ellipses, a square, two rectangles and a particle
are shown at their associated values.
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